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Introduction
Mechanical ventilation remains the cornerstone of respiratory support for patients with acute respiratory failure. However, high pressure and volume associated with tidal ventilation are known to aggravate lung injury in this setting [1] . Furthermore, profound gas-exchange abnormalities threatening patients' lives can occur in the most severe forms of the disease despite recourse to conventional salvage therapies [2, 3] . Extracorporeal gas exchange devices, i.e., venovenous extracorporeal membrane oxygenation (ECMO) and extracorporeal carbon dioxide removal (ECCO 2 R), were developed more than 40 years ago [4, 5] to rescue these dying patients. Whereas venovenous ECMO provides complete extracorporeal blood oxygenation and decarboxylation using high blood flows (4-6 l/min) and large (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) cannulas [6] [7] [8] [9] , efficient extracorporeal CO 2 removal (with minimal blood oxygenation) can be achieved with ECCO 2 R devices using limited extracorporeal blood flow (0.4-1 l/min) and thin double lumen venous catheters (14) (15) (16) (17) (18) [10, 11] , because CO 2 clearance is more effective than oxygenation due to the greater solubility and more rapid diffusion of CO 2 [12] . Extracorporeal gas exchange devices also permit 'ultraprotective' mechanical ventilation with further reduction of volume and pressure, which may ultimately enhance lung protection and improve clinical outcomes for patients with acute respiratory distress syndrome (ARDS). However, results of trials evaluating extracorporeal gas exchange for respiratory failure performed in the 1970s, 80s and 90s were often disappointing [13, 14] . In recent years, major technological advances have occurred and the latest generation extracorporeal gas exchange devices, with polymethylpentene hollow-fiber membrane lungs and Mendler-designed centrifugal pumps offer lower resistance to blood flow, have smaller priming volumes, higher effective gas exchange properties and are coated with more biocompatible materials.
The successful use of ECMO for the most severe ARDS cases associated with the recent influenza A (H1N1) pandemic, in whom conventional ventilation was not successful [15] [16] [17] , and positive results of the randomized Conventional ventilatory support versus Extracorporeal membrane oxygenation for Severe Adult Respiratory failure (CESAR) trial [18] have been associated with a steep increase in the number of VV-ECMO procedures performed in very recent years ( Figure 1 ). In addition, a proof-of-concept study suggested that the very low tidal volume ventilation (3.5-5 ml/kg of predicted body weight) permitted by ECCO 2 R can improve pulmonary protection and decrease pulmonary inflammation in ARDS patients [19] and a recent randomized trial suggested that this strategy may be associated with better outcomes for moderate to severe ARDS patients [11] .
The aim of this systematic review was to analyze studies reporting indications, associated complications and shortand long-term outcomes of extracorporeal gas exchange in adult patients with acute respiratory failure. It may ultimately help critical care physicians and researchers select better candidates for extracorporeal gas exchange and to design future observational and randomized clinical trials to evaluate these techniques.
Methods
To achieve a high standard of reporting, we adopted Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [20, 21] .
Search strategy
The detailed search strategy (identification, screening, eligibility and inclusion process) used to identify relevant studies is summarized in Figure 2 . We used a detailed PubMed/MEDLINE, EMBASE and CINAHL query to identify randomized controlled trials (RCTs), controlled observational studies (retrospective and prospective) and case series with >5 patients who received extracorporeal gas exchange. Additionally, reference lists from relevant reviews, observational studies and clinical trials were handsearched. Neonatal and pediatric studies (patients < 18 years of age) were excluded. Language of publication was limited to English and no restriction on the time was set on the primary literature searches. The query was last updated in June 2014.
Study selection
Two independent researchers (MS and AC) conducted a two-step literature search. Studies were included according to the following criteria: 1) original study published in a peer-reviewed journal; and 2) analyzed/reported the use of extracorporeal gas exchange (i.e., ECMO or pumpless extracorporeal lung assist or extracorporeal CO 2 removal) and its specific outcomes for acute respiratory failure in adult patients. Any discrepancies between the two reviewers who examined the titles and abstracts of all relevant citations were resolved by discussion.
Data extraction, quality assessment and analysis
The two reviewers (MS and AC) independently read the entire texts of the retrieved reports and rated study quality using well-established criteria [21, 22] . RCT quality was graded using a nine-point scale combining elements from Jadad's [21] and Chalmers' [23, 24] scales, whereas the quality of case-controlled studies was appraised using the Newcastle-Ottawa scale [25] . In addition, both reviewers extracted the following data: First author, year of publication, country, study design, number of patients, demographic data, pre-ECMO ventilation and blood gas data and outcomes. Because of very high heterogeneity between studies, related to different generation ECMO and ECCO 2 R devices used in the last 40 years, different patient populations evaluated, and the scarcity of randomized or quasi-randomized trials (most of which were flawed by major methodological limitations) performed with the latest generation extracorporeal gas exchange techniques, we did not perform meta-analyses of randomized or quasi-randomized trials and choose to report and discuss only crude study results.
Results

Number of studies selected
The initial search yielded 535 articles, of which 462 were excluded through title and abstract review, leaving 73 articles potentially meeting our inclusion criteria. After a complete analysis of these, 17 articles were excluded. Of the remaining 56 studies that were evaluated, 4 were RCTs, 7 case-control studies, and 45 case series (Figure 2  and Tables 1, 2 , 3, 4, 5 and 6). With the exception of two studies [13, 18] , all ECMO cohorts had an observational design. Sixteen studies reported on the outcomes of ARDS cases associated with the recent influenza A(H1N1) pandemic (Tables 4 and 5 ). Ten studies (2 randomized) reporting on ECCO 2 R devices in ARDS patients were retained for the review (Table 6 ). Overall study validity was adequate, with an average score of 8.1/9.0 on the Newcastle-Ottawa scale appraising the quality of case-control studies.
ECMO and ARDS: studies of historical interest
In 1968, Kolobow et al. developed the first membrane oxygenator for long-term extracorporeal oxygenation [5] . Three years later, Donald Hill and colleagues described the first use of an ECMO device for acute respiratory failure in humans [4] . They reported on a 24-year-old polytrauma patient, who survived after 75 hours of veno-arterial ECMO. In cohort studies published up to the mid-2000s, the oldest ECMO technology combining roller pump, silicone membrane oxygenator and blood reservoir was used. Survival was 50% in a cohort of 1,473 patients (1986 to 2006, mean age 34 years, 78% had VV-ECMO) from the Extracorporeal Life Support Organization (ELSO) registry [26] . In that report, survival was comparable across study periods, although age and severity of disease were significantly higher for the most recent patients. Similarly, Hemmila et al. from Michigan University reported a survival of 52% in 255 adult patients treated with ECMO between 1989 and 2003 [27] . Other case-control studies reported similar survival rates for patients treated with ECMO [28, 29] . Interestingly, in a cohort of 150 patients with ARDS (mean age 42 years, mean SAPS II 45), of whom 32 received ECMO as a rescue therapy, ECMO support was not independently associated with a higher mortality [30] .
ECMO and ARDS: results of randomized controlled trials
Over the last 30 years, only two RCTs of ECMO for ARDS patients have been conducted [13, 18] . Randomized controlled trial quality was graded using a nine-point scale combining elements from Jadad's [21] and Chalmers' scales [23, 24] whereas the validity of case-controlled studies was appraised with the Newcastle-Ottawa scale [25] ; † in the survivors. Pregnant or postpartum, n (%) 18 (15) 10 (17) 10 (16) 4 (8) 7 (19) 1 (7) 1 (7) 3 (23) SOFA 9.5 ± 4.0 9 (7-10) 7 (6-9) 11 (9-14) Pregnant or postpartum 1(10) 
Studies with ECMO (n=46)
Mortality, n (%) 22 (51) 7 (33) 7 (17) 104 (65) 12 (52) 6 (27) 7 (54) 9 (82) 4 (50) 1 (14) AV: arteriovenous; VV: veno-venous; Multi: multicenter; MV: mechanical ventilation; N: no; RCT: randomized controlled trial; SOFA: Sequential Organ Failure Assessment; Y: yes; * Peak pressure; § RCT quality was graded using a nine-point scale combining elements from Jadad's [21] and Chalmers' scales [23, 24] whereas the validity of case-controlled studies was appraised with the Newcastle-Ottawa scale [25] . Data are given as mean ± SD or median (interquartile range).
control group were treated conventionally at designated treatment centers [18] . The primary endpoint combining mortality or severe disability 6 months after randomization was lower for the 90 patients randomized to the ECMO group (37% vs. 53%, p = 0.03). However, the results of that trial should be analyzed carefully. First, 22 patients randomized to the ECMO arm did not receive ECMO (died before or during transport, improved with conventional management at the referral center or had a contraindication to heparin). Second, no standardized protocol for lung-protective mechanical ventilation existed in the control group and the time spent receiving 'protective' mechanical ventilation was significantly higher in the ECMO arm. Third, more patients received corticosteroids in the ECMO group.
ECMO and ARDS: retrospective series using the latest technology
In the most recent series, patients benefited from the latest ECMO technology, which includes a centrifugal pump, a polymethylpentene membrane oxygenator and tubing with biocompatible surface treatment. Mortality rates range from 36 to 56% in the studies performed in the last 15 years and reporting outcomes of >30 ECMO patients (Tables 1 and 2 ). Interestingly, ECMO was provided through a mobile ECMO rescue team in some of these studies. For example, in a series of 124 patients treated at a Danish center between 1997 and 2011 [31] , survival was 71% and 85% of these patients received ECMO via a mobile unit before being transferred to the referral hospital. Similarly, in the Regensburg cohort, 59/176 received ECMO at another hospital by a mobile unit [32] . In a multicenter French cohort of 140 patients treated between 2008 and 2012, 68% patients were retrieved via a mobile ECMO team and their prognosis was comparable to those who received VV-ECMO support in their initial hospital [33] .
ECMO support may also cause frequent, severe and potentially life-threatening complications (Table 2) , such as bleeding, infections, intravascular hemolysis, thrombocytopenia or consumption coagulopathy [26, [33] [34] [35] [36] .
Results of ECMO for pandemic influenza A (H1N1)-associated ARDS
Mortality rates ranged from 14 to 64% in the 16 studies from 11 countries reporting on the experience of ECMO for influenza A(H1N1)-associated ARDS (Tables 4 and  5 ) [15] [16] [17] 33, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . The Australia and New Zealand collaborative group (ANZICS) was the first to report its experience [15] . Despite extreme disease severity at the time of ECMO initiation (median PaO 2 /FiO 2 ratio 56 mmHg, median positive end-expiratory pressure [PEEP] 18 cmH 2 O and median lung injury score [LIS] of 3.8), only 25% of the 68 ECMO patients died. A British collaborative cohort series [16] depicted the outcome of 80 patients transferred into ECMO referral centers in the United Kingdom of whom 69 received ECMO. Mortality in this cohort was 27.5%. A propensity-matched analysis comparing survival of patients referred for consideration of ECMO to other ARDS patients showed better outcomes for referred patients. By contrast, mortality of propensitymatched patients treated conventionally was comparable to that of ECMO patients in French ICUs of the REVA network. However, only 50% of ECMO patients were successfully matched with control ARDS patients, while unmatched ECMO patients were younger, suffered more severe respiratory failure and had considerably lower mortality [17] . Interestingly, a higher plateau pressure under ECMO was independently associated with mortality, indicating for the first time that an ultraprotective ventilation strategy with reduction of plateau pressure to around 25 cmH 2 O following ECMO installation might improve outcomes. Lastly, mortality was 29% in a cohort of 49 proven influenza A(H1N1) patients from the 14 ECMO centers of the ECMO-NET Italian collaborative group [48] . In this series, patients ventilated for less than 7 days before ECMO initiation had a significantly higher survival.
Mortality risk factors and outcome prediction for ECMO candidates
Factors associated with poor outcomes after ECMO for acute respiratory failure include older age [26, 27, 30, 32, 33, 49, 50] , a greater number of days of mechanical ventilation before ECMO establishment [26, 27, 30, 33, 50] , a higher number of organ failures [26, 27, 30, 32, 33, 49, 50] , low pre-ECMO respiratory system compliance [50] , and immunosuppression [33, 50, 51] . Predictive survival models have been recently developed that might help clinicians select appropriate candidates for ECMO [33, [49] [50] [51] [52] . For example, the Respiratory Extracorporeal Membrane Oxygenation Survival (RESP) score [50] , constructed on data extracted from a large multicenter international population (n = 2,355), computes 12 simple pre-ECMO parameters, to provide a relevant and validated tool predicting survival after ECMO for acute respiratory failure. Cumulative predicted hospital survival rates were 92, 76, 57, 33 and 18% for five RESP-score risk classes, I (≥ 6), II (3 to 5), III (−1 to 2), IV (−5 to −2) and V (≤ -6), respectively.
Volume-outcome effect and ECMO activity organization
Recent analyses of large pediatric databases have suggested a significant relationship between the volume of patients treated by center and ECMO patient prognosis [53] [54] [55] . ECMO case-series published after the pandemic influenza A(H1N1) might also allow a comparative analysis of worldwide results obtained for a very homogeneous disease (Tables 4 and 5 ). These data suggest that the best results were obtained for patients managed in expert centers treating a sufficient number of patients and in countries where ECMO activity was organized and regulated, as was the case in the United Kingdom [56] , Italy [57] and in Australia and New Zealand [58] . A recent position paper [59] by an international group of physicians with expertise in ECMO for severe respiratory failure advocated for regional and interregional organization of ECMO activity through networks of hospitals around an ECMO referral center with a mobile ECMO unit [34, 60, 61] to retrieve the most severe ARDS patients. This group also suggested that at least 20 ECMO cases should be performed per year at each referral center [59] . Furthermore, high volume and expert referral centers may provide better prevention and management of the severe complications that can occur during long ECMO runs (Table 2) .
Long term outcomes after ECMO
Durations of intensive care and hospital stays of ECMO patients are long and frequently exceed one month [26] , [33] . Thus, evaluation of the impact of such complex therapy on long-term pulmonary function, quality of life and psychological status appears crucial in the decision process to use ECMO in ARDS patients. To date, long-term prognosis after ECMO for ARDS has rarely been evaluated. Linden et al. reported long-term outcomes of 21 ARDS survivors rescued with ECMO [62] . In this study, most of the patients had limited fibrosis lesions on CT scan. Respiratory function tests were within normal limits. However, patients reported deterioration in pulmonary symptoms measured by the St George Respiratory Questionnaire, although these symptoms were comparable to those reported in other series of ARDS patients treated conventionally. Similarly, patients in the ECMO arm of the CESAR trial [18] exhibited comparable or better health-related quality of life scores (measured by the SF-36 questionnaire) than those reported by patients with ARDS treated with conventional management [63, 64] . Exertional dyspnea was reported by 50% and 40% of 12 influenza A(H1N1) ECMO patients and 25 controls, respectively [65] . Anxiety and depressive symptoms were reported by 50% and 28% of ECMO patients, respectively, whereas 41% were at risk of post-traumatic stress disorder (PTSD) [65] . By contrast, results of the Melbourne group were poorer, with only 26% of long-term survivors having returned to their previous work at eight-month-follow-up [66] . Similar to previous studies, mean SF-36 scores in the ECMO population were lower than these previously described with ARDS survivors in the domains of general health, mental health, vitality and social function. Lastly, the largest study published to date was reported by Schmidt et al. [33] on a population of 84 6-month survivors. In that series, 36% of the patients reported exertional dyspnea, whereas 30% were still receiving pulmonary treatments after a median 17-month follow-up. Health-related quality of life evaluation in 80% of the 6-month survivors revealed satisfactory mental health but persistent physical and emotional-related difficulties, with anxiety, depression or PTSD symptoms reported by 34, 25 and 16%, respectively.
Results of extracorporeal CO 2 removal techniques for ARDS patients
To date, studies on ECCO 2 R in ARDS patients are scarce and mostly small retrospective case series (Table 6 ). Gattinoni et al. reported in 1986 the first cohort of 43 patients with severe ARDS treated with veno-venous, low flow (200-300 ml/min) ECCO 2 R, which needed a boot volume of almost two liters of blood [67] . In this series, ECCO 2 R duration was 5 days, daily blood losses were large (> 1,800 ml/24 hours) and survival was 49%. A randomized study using the same technology was carried out in the early 1990s by Morris et al. [14] . It was stopped for futility after the enrolment of only 40 patients and mortality was 67% in the 21 patients randomized to ECCO 2 R. In the 2000s, case series, which used the pumpless arteriovenous shunt (extracorporeal interventional lung assist, iLA, Novalung®, Heilbronn, Germany) were published. Iglesias et al. [68] reported the outcome of seven patients with ARDS after pneumonectomy. The ECCO 2 R device was left in place for four days, CO 2 removal was 255 ml/min allowing significant reduction in tidal volume and 6/7 patients survived (Table 6 ). In a larger German cohort of 156 patients, a higher mortality was reported (65%). Of note, 16% of the patients experienced serious complications in that cohort, particularly leg ischemia related to femoral arterial cannulation and need for higher dose catecholamines (Table 6 ) [69] .
The concept of ultraprotective mechanical ventilation was tested in a proof-of concept trial, with CO 2 removal performed by a modified veno-venous hemofiltration platform. In 10 patients with plateau pressure of 28-30 cmH 2 O at baseline, ECCO 2 R allowed a reduction of tidal volume (from 6 to 4 ml/kg) and of plateau pressure (from 29 to 25 cmH 2 O), while maintaining PaCO 2 around 50 mmHg [19] . This protective ventilation strategy was also associated with a significant reduction in proinflammatory cytokine levels in bronchoalveolar (BAL) fluid. This ultraprotective ventilation strategy was recently evaluated in the Xtravent trial [11] , which randomized 79 patients to conventional mechanical ventilation using the ARDSNet strategy [70] or to tidal volume reduction to 3 ml/kg permitted by CO 2 removal with the Novalung AV pumpless ECCO 2 R device. The numbers of ventilator-free days at day 60 were not different between groups. However, a post-hoc subgroup analysis revealed that patients with lower PaO 2 /FiO 2 (≤ 150 mmHg) at randomization had significantly more ventilator-free days at days 28 and 60 and were more rapidly weaned from mechanical ventilation.
Conclusion and perspectives
We report the results of 56 studies (including 4 RCTs) evaluating extracorporeal gas exchange techniques (ECMO or ECCO 2 -R) to treat moderate to severe acute respiratory failure in adult patients. Major heterogeneity in study populations, disease severity, type of device used and time at which studies were performed creates insuperable hurdles to design relevant meta-analyses. Results of the most recent randomized CESAR trial, which was conducted in the UK from 2001 to 2006, suggested that a strategy of transfer to an ECMO referral center for consideration to receive ECMO was associated with better outcomes. However, that trial was highly criticized for methodological limitations. Additionally, non-randomized case-series of ECMO, including propensity-matched case-control studies, are prone to important selection biases weakening interpretation of their results. Although early implementation of VV-ECMO in severe ARDS patients might allow significant reduction in ventilatorinduced lung injury (VILI) and may rescue patients dying of refractory hypoxemia, more evidence is urgently needed to evaluate the actual impact of the technique on patientcentered outcomes compared to optimization of conventional treatments, including prone positioning [2] . This is the main objective of the ongoing international multicenter randomized Extracorporeal Membrane Oxygenation for Severe Acute Respiratory Distress Syndrome (EOLIA) trial (ClinicalTrials.gov Identifier: NCT01470703), which will test the efficacy of early VV-ECMO in patients with severe ARDS with tight control of mechanical ventilation in the control group, initiation of ECMO prior to transportation to ECMO centers, and the use of ECMO in every patient randomly assigned to receive it [71] .
Pathophysiological, experimental and clinical data suggest that an 'ultraprotective' mechanical ventilation strategy reducing tidal volume to 3-4 ml/kg predicted body weight and plateau pressure to < 25 cmH 2 O may further reduce VILI and ARDS-associated morbidity and mortality in less severe ARDS patients. Hypercapnia induced by tidal volume reduction in this setting might be efficiently controlled by the latest generation low-flow, venovenous ECCO 2 R devices, which are more efficient, more biocompatible and associated with fewer hemorrhagic complications because they require less anticoagulation than devices evaluated in the 1980s and 90s, which did not achieve significant mortality reduction. However, the uncritical and large adoption of this strategy is premature and problematic without rigorous evaluation of associated risks and benefits. This will be the objective of the large randomized Strategy of Ultra Protective lung ventilation with Extracorporeal CO 2 Removal for New-Onset moderate to severe ARDS (SUPERNOVA) trial, which will test the benefits of early tidal volume and plateau pressure reduction allowed by the latest generation ECCO 2 R device in patients with moderate forms of ARDS [72] .
Lastly, future studies of extracorporeal gas exchange should also include detailed evaluation of physical and psychosocial rehabilitation that could lead to improved long-term health-related quality of life in this population of patients. 
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